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The Structure of the Protein Phosphatase
2A PR65/A Subunit Reveals the Conformation
of Its 15 Tandemly Repeated HEAT Motifs
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Protein phosphatase 2A (PP2A) is one of the major
cellular protein serine/threonine phosphatases (Wera
Matthew R. Groves,* Neil Hanlon,* Patric Turowski,²
Brian A. Hemmings,² and David Barford*³
*Laboratory of Molecular Biophysics
Department of Biochemistry
University of Oxford
and Hemmings, 1995). The enzyme regulates diverseSouth Parks Road
activities, including metabolism, DNA replication, tran-Oxford, OX1 3QU
scription, RNA splicing, translation, cell cycle progres-United Kingdom
sion, morphogenesis, development, and transformation.²Friedrich Miesher-Institut
The diverse heterotrimeric forms of PP2A in vivo areMaulbeerstrasse 66
generated by the association of a ubiquitous core het-CH-4058 Basel
erodimer, consisting of a 36 kDa catalytic subunitSwitzerland
(PP2Ac) and a 65 kDa structural subunit, termed the
PR65/A subunit, with variable regulatory B subunits. The
tightly associated PP2Ac and PR65/A subunit hetero-Summary
dimer forms a scaffold to which the diverse B subunits
bind, creating the structural and functional variety of theThe PR65/A subunit of protein phosphatase 2A serves
PP2A holoenzymes. The a and b isoforms of the PR65/Aas a scaffolding molecule to coordinate the assembly
subunit share 86% sequence identity; however, little isof the catalytic subunit and a variable regulatory B
known concerning the specific role of PR65b, which issubunit, generating functionally diverse heterotrimers.
much less abundant than the a isoform (Hendrix et al.,Mutations of the b isoform of PR65 are associated
1993). Over 15 different variable B subunits are expressedwith lung and colon tumors. The crystal structure of
in a tissue- and developmental-specific manner. Thesethe PR65/Aa subunit, at 2.3 AÊ resolution, reveals the
proteins are generated as isoforms and splice variantsconformation of its 15 tandemly repeated HEAT se-
from three unrelated gene families (termed PR55/B,quences, degenerate motifs of z39 amino acids pres-
PR61/B9, and PR72/PR130/B99) (Kamibayashi et al.,ent in a variety of proteins, including huntingtin and
1994; McCright and Virshup, 1995; Csortos et al., 1996;importin b. Individual motifs are composed of a pair of
Zolnierowicz et al., 1996). The different B subunits inter-
antiparallel a helices that assemble in a mainly linear,
act via the same or overlapping sites within the A subunit
repetitive fashion to form an elongated molecule char-
of the AC dimer so that the binding of different B sub-
acterized by a double layer of a helices. Left-handed
units to AC is mutually exclusive (Ruediger et al., 1992,
rotations at three interrepeat interfaces generate a
1994). Although the precise roles of the regulatory B
novel left-hand superhelical conformation. The protein subunits are not understood, functions have recently
interaction interface is formed from the intrarepeat been assigned to a number of individual B subunits. A
turns that are aligned to form a continuous ridge. role for the PR55/B subunit in the regulation of mitosis
is suggested by the finding that deletion of this gene is
Introduction associated with cytokinesis defects in both yeast and
Drosophila (Healy et al., 1991; Mayer-Jaekel et al., 1993).
Control of protein function by reversible phosphorylation Many of the functional roles of B subunits are endowed
underlies virtually every cellular process, particularly those by their ability to direct PP2A to distinct subcellular
in response to extracellular stimuli. Approximately one- compartments. For instance, whereas the PP2A hetero-
third of intracellular proteins are phosphorylated, and dimer is associated with neurofilaments (Saito et al.,
their level of phosphorylation is governed by the oppos- 1995), the heterotrimer containing the PR55/B subunit
ing activities of protein kinases and protein phospha- is targeted to microtubules (Sontag et al., 1995) and
tases (Hunter, 1995). The activities and substrate selec- the cytosolic and nuclear forms of PP2A appear to be
tivity of the inherently broad specificity protein kinase determined by different isoforms of the PR61/B9 subunit
and phosphatase catalytic domains are determined by (McCright and Virshup, 1995; Zhao et al., 1997). Finally,
their regulatory and targeting domains and/or subunits the activation of distinct pools of PP2A by ceramide is
(Hubbard and Cohen, 1993; Pawson and Scott, 1997). determined by the nature of the associated B subunit
Frequently, a particular protein kinase or phosphatase (Dobrowsky et al., 1993). There is no evidence to suggest
is capable of associating with multiple diverse regulatory that the PR65/A subunit is subject to regulatory control.
subunits, each of which confers different functions on Moreover, although the phosphatase activity of the
the enzyme. In some instances, regulatory subunits act PP2A catalytic subunit is modulated by the PR65/A sub-
as molecular scaffolds by coordinating the association unit in vitro (Turowski et al., 1997), the finding that the
of multiple protein kinases and phosphatases with their catalytic subunit is constitutively associated with the
substrates (Pawson and Scott, 1997). Often, these com- PR65/A subunit suggests that this does not represent
plexes mediate a specific signal transduction pathway, a regulatory mechanism.
The ability to modulate the activity of PP2A via the
association of protein subunits to the AC core hetero-³ To whom correspondence should be addressed (e-mail: davidb@
biop.ox.ac.uk). dimer is exploited by the DNA tumor viruses SV40 and
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polyoma virus, as a mechanism to interfere with intracel- overlapping site for both importin a and for Ran-GTP
(Enenkel et al., 1996). Although the sequences of HEATlular signaling cascades (Walter and Mumby, 1993). The
small t antigen of SV40 and the small and middle T motifs are degenerate, a consensus pattern of con-
served hydrophobic residues, together with highly con-antigens of polyoma virus associate with the AC hetero-
dimer, displacing the endogenous B subunit (Walter et served proline, aspartate, and arginine residues at re-
peat positions 11, 19, and 25, respectively, suggestsal., 1989; Joshi and Rundell, 1990; Pallas et al., 1990).
PP2A is the only known cellular target of SV40 small that all HEAT motifs will share a common protein archi-
tecture.t, and its association with SV40 small t compromises
phosphatase catalytic activity both in vitro and in vivo To understand the mechanisms that underlie the
PR65/A subunit's role as a molecular scaffold, the abilitytoward various substrates, including ERK1, MEK, and
PKCz (Sontag et al., 1993, 1997). Cells expressing SV40 of the protein to recognize multiple diverse subunits,
and the architecture of multiple tandem HEAT repeats,small t activate MEK1 and ERK1 with concomitant stim-
ulation of the MAP kinase pathway and cell growth, we have determined the crystal structure of the human
PR65/Aa subunit to 2.3 AÊ resolution. The structure re-while stimulation of PKCz promotes NF-kB activation.
A role for PP2A in regulating growth suppression is con- veals a novel left-handed superhelical conformation, dif-
ferent from the right-handed superhelical folds of tandemsistent with the finding that the PP2A and PP1 inhibitor
okadaic acid is a potent tumor promoter (Suganuma et armadillo and TPR motifs, and presents a model for
understanding the mechanism of protein±protein inter-al., 1988). Further support for this role of PP2A, and
for the PR65/A subunit in particular, stems from the actions mediated by the PR65/A subunit. In addition,
the structure of the PR65/A subunit presented here pro-identification of the gene encoding the b isoform of the
PR65/A subunit (PPP2R1B) as a candidate tumor sup- vides a framework for rationalizing the oncogenic muta-
tions of the PPP2R1B gene, and the structure will servepressor gene (Wang et al., 1998a). Somatic alterations
in the PPP2R1B gene were discovered in 15% of primary as a model for understanding other HEAT motif±con-
taining proteins.lung and colon tumor-derived cell lines. These somatic
alterations, including entire gene deletions, internal and
C-terminal protein deletions, and missense and frame- Results and Discussion
shift mutations, are likely to disrupt the structure of the
core PP2A heterodimer. Aberrant levels of the PR65/A Structure Determination
subunit would be likely to compromise severely the The crystal structure of the human a isoform PR65/A
functional activity of PP2A to regulate the cell cycle, a subunit was determined using multiple isomorphous re-
notion supported by the findings that rat fibroblast cells placement, anomalous scattering methods from two
overexpressing PR65a became multinucleated (Wera et heavy atom derivatives. MIRAS phases to 2.3 AÊ were
al., 1995). The finding that the myeloid leukemia associ- improved by use of noncrystallographic symmetry (NCS)
ated protein SET is a potent inhibitor of PP2A further averaging of the two independent copies of the PR65/A
links PP2A and cell growth regulation (Li et al., 1996). subunit (molecules A and B) within the asymmetric unit,
Genetic approaches in budding and fission yeast have and this 2-fold averaged map was used to build residues
demonstrated essential roles for PP2A during cell divi- 65±520 of the polypeptide chain. During the initial crys-
sion (Kinoshita et al., 1990; Sneddon et al., 1990), and tallographic refinement, NCS restraints were applied
in Drosophila deficient in PP2A, microtubules fail to at- and electron density maps calculated using combined
tach to chromosomal DNA at the kinetochore (Snaith et phases and 2Fo-Fc maps allowed the remainder of the
al., 1996). The role of PP2A to dephosphorylate, and molecule to be built. At the later stages of refinement,
hence inactivate, protein kinases that regulate critical inspection of the 2Fo-Fc electron density maps revealed
signaling cascades, for example, PKA, PKB, PKC, and that the two copies of the PR65/A subunit revealed con-
ERK/MEK, explains, in part, its pleiotropic and growth formational differences within the region comprising
suppressing activities (Millward et al., 1998). residues 473±589. At this point NCS restraints between
The structure of the PR65/A subunit is unusual, being the two molecules were released to allow refinement of
composed entirely of 15 tandem internal repeats of a the two molecules independently. Within both copies
39 amino sequence termed a HEAT (huntingtin-elonga- of the molecule, all residues from 2 to 589 have been
tion-A subunit-TOR) motif (Walter et al., 1989; Hemmings assigned to density, although density for residues 2±8
et al., 1990). Tandem repeats of HEAT motifs are found of both molecules is poorly ordered, suggesting confor-
in a variety of proteins (reviewed by Andrade and Bork, mation disorder within these regions. The working and
1995), including the huntingtin protein (Gusella and Mac- free R factors obtained using data between 25±2.3 AÊ are
Donald, 1998), an elongation factor required for protein
0.209 and 0.27, respectively, and the model possesses
synthesis, the lipid kinase TOR, the nuclear pore trans-
good stereochemistry (Table 1).
port protein importin b (Malik et al., 1997), and a splicing
factor SAP155 (Wang et al., 1998b). Within these pro-
General Features of the Structureteins, the HEAT motifs vary in length between 37 and
The 15 HEAT repeats of the PR65/A subunit assemble43 residues, occur in tandem arrays of between 3 and
to form an extended and curved structure that consists22 motifs, and in some instances, blocks of tandem
entirely of helices (predominantly a with some 310 heli-repeats are dispersed throughout the sequence. A role
ces) and connecting loops with an overall conformationfor mediating protein±protein interactions has been de-
reminiscent of a hook (Figures 1 and 2B). The moleculefined unequivocally for the HEAT motifs of PR65/A and
importin b. The HEAT motifs of importin b create an is highly asymmetric in shape, with a size of 100 AÊ in
Structure of the PP2A PR65/A Subunit
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Table 1. Crystallographc Data Statistics for Human PR65/A Subunita
Data Collection Statistics
Derivatives
Parameter Native EMTSa KAu(CN)2b
Space group P21 P21 P21
Cell parameters
a (AÊ ) 64.3 64.5 64.4
b (AÊ ) 112.1 112.4 112.3
c (AÊ ) 112.6 122.5 122.6
b (8) 95.6 95.6 95.6
Z 2 2 2
X-ray source PX9.6
Resolution (AÊ ) 2.3 2.3 3.4
High-resolution bin (AÊ ) 2.42±2.30 2.42±2.30 3.58±3.40
Completeness (%) 82.9 (40.3) 90.0 (58.8) 99.6 (99.9)
Multiplicity 3.3 (2.5) 3.2 (2.2) 3.2 (3.2)
Unique reflections (N) 63,661 (4,473) 67,185 (6,387) 23,297 (10,919)
Rsym (I)c 0.038 (0.097) 0.040 (0.073) 0.049 (0.165)
Rmeasd 0.045 (0.120) 0.061 (0.101) 0.069 (0.229)
Ranom Ð 0.037 (0.067) 0.046 (0.129)
Anomalous completeness (%) Ð 83.1 (43.9) 91.7 (92.1)
I/s(I) 8.5 (7.2) 10.4 (9.2) 7.7 (4.4)
Rcullisc (centrics/acentrics) Ð 0.82/0.84 0.99/1.01
Heavy atom sites (N) Ð 6 1
Phasing power (centrics/acentrics) Ð 1.06/1.12 0.41/0.37
Refinement Statistics
Resolution (AÊ ) 25±2.30
Reflections (N) 62,637 (1 1,006 free R reflections)
Parameters (N) 39,492
Protein atoms (N) 9,140
Water molecules (N) 733
R factorf 0.209
Free R factor 0.269
Rmsd bond lengths (AÊ ) 0.0055
Rmsd bond angles (8) 1.215
a EMTS, ethyl mercurithiosalicyate: 1 mM for 1.5 hr.
b KAu(CN)2: 2.5 mM for 12 hr.
c Rsym 5 ShSi |I(h) 2 Ii(h)|/ShSi Ii (h), where Ii(h) and I(h) are the ith and mean measurements of the intensity of reflection h, respectively.
d Rmeas is the multiplicity weighted Rsym.
e Rcullis 5 Sh/||FPH 2 FH| 2 FH|/Sh|FPH 2 FP|, where FPH and FP are the observed structure factor amplitudes for the derivative and native data
sets, respectively, of reflection h.
f R factor 5 Sh|Fo 2 Fc|/Sh Fo, where Fo and Fc are the observed and calculated structure factors amplitudes of reflection h.
The calculated Matthew's coefficient, VM, of 3.4 is consistent with a solvent content of z64%.
its longest dimension, a width of 35 AÊ , and a thickness Conformation of HEAT Repeats
Although the fundamental architecture of the 15 repeatsof 20 AÊ . In general, each HEAT repeat motif is character-
ized by a pair of antiparallel helices (termed A and B) is the same, the pairwise superimposition of all repeats
gives an rmsd ranging from 1.0 to 2.8 AÊ , indicating signif-that are stacked in a consecutive array to generate a
regular repetitive protein architecture, reflecting the in- icant structural variations between repeats (Figures 1,
2B, and 3A). In general, the A and B helices are of equiva-ternal repeats of the protein sequence. Usually the re-
peats are stacked in parallel so that the A and B helices lent length (18 residues) and related by an interhelix
crossover angle of 248. Repeat 12 is the only repeatof each motif are parallel to their helix counterparts in
a neighboring repeat. This arrangement of a helices pro- composed simply of a uniform pair of linear a helices.
Within other repeats, helices are bent by almost 458,duces a molecule with a structure composed of a double
layer of a helices, with the A and B helices of the HEAT caused by a kink at the helix center and disruption of
the helix hydrogen-bonding network. The bend withinmotif forming the outer (convex face) and inner (con-
cave) faces, respectively. The concave face of the mole- the A helix is facilitated and stabilized by the consensus
proline residue, Pro(11), present in all but two HEATcule defines an arch with dimensions 65 AÊ 3 45 AÊ 3 35
AÊ . Interhelix turns connecting adjacent a helices both repeats. Within most repeats, the deformation in the A
helix is mirrored by an equivalent bend in the B helix,within a motif and between adjacent motifs are short,
typically 1±3 residues, giving the appearance of a tightly although proline residues are not observed at this site
of the B helix. Bending of the A and B helices causesfolded molecule. Extended loops connecting helices are
not observed. The tight turn between adjacent a helices a change of direction of the helix axes such that helices
become displaced at their centers. This may provide ais facilitated in 8 of the 15 repeats by a Gly residue at
the N terminus of helix A. mechanism to increase the interhelix hydrophobic core
Cell
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Figure 1. Stereo View of the Ca Trace of the PR65/A Subunit
The HEAT motif A and B helices are on the convex and concave sides of the molecule, respectively. Figures produced by BOBSCRIPT (Esnouf,
1997) and RASTER3D (Merit and Murphy, 1994).
volume and hence protein stability. The A helices within 5 adopts a similar distortion as its neighbors in repeats
4 and 6, whereas the B helices of repeats 12±15 arerepeats 5 and 12, which lack the conserved proline, are
undistorted. Distortion of the B helices is not invariantly undistorted. The distortion of the HEAT repeat helices
is most pronounced within repeats 8, 9, and 10 wherelinked to A helix distortion. For example, helix B of repeat
Figure 2. Position of Conserved HEAT Motif Residues within the PR65/A Subunit
(A) Multiple sequence alignment of HEAT motif sequences with consensus HEAT motif residues and numbering indicated below. Hydrophobic
residues are highlighted in green. The conserved Pro, Asp, and Arg are indicated at positions 11, 19, and 25, respectively. Amino acids,
equivalent to residues mutated in PR65b in lung and colon tumors, are indicated in italics and boxed. Drawn using ALSCRIPT (Barton, 1993).
(B) Ribbons diagram of the PR65/A subunit showing position of consensus HEAT motif residues. A and B helices of repeat 1 are labeled. The loca-
tion of PR65b mutants in lung and colon tumors are indicated. The main chain positions of conserved residues are colored as in (A).
Structure of the PP2A PR65/A Subunit
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Figure 3. Stereo View to Indicate Interrepeat Packing Interactions
(A) Stereo view of HEAT motifs 5±7 showing conserved hydrophobic residues at the repeat interfaces. The conserved Asp-Arg ladder is shown
on the right of the figure.
(B) Stereo view to show a close-up of the conserved Asp-Arg interactions and stabilization of the helix A-B turn.
B helices become unwound by 3±4 residues and the C However, although the prediction that adjacent HEAT
motifs would stack in a linear array (Ruediger et al.,terminus of the helices adopts a 310-helix conformation.
Previous secondary structure predictions of the PR65/ 1992) is largely confirmed by the structure, the notion
that the molecules adopt a rod-like shape with an axialA subunit HEAT repeat motifs (Ruediger et al., 1992)
and a consensus HEAT motif, derived from a multiple ratio of 10:1 (Chen et al., 1989) is not entirely accurate.
Amino acid insertions and deletions, both within andalignment of HEAT motifs sequences from diverse pro-
teins (Andrade and Bork, 1995), are in reasonable agree- between repeats, are accommodated by changes in the
length of the repeat helices and are not associated withment with the structure of the PR65/A subunit motifs.
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formation of extended interhelix loops. For example, the guanidinium group of Arg(25) and carboxylate and main
chain carbonyl groups of Asp(19) participate in a cooper-four amino acid insertion between repeats 8 and 9 is
ative array of hydrogen bonds, forming an Asp-Arg lad-accommodated by the formation of an additional turn
der, extending from repeats 4 to 12. The side chain ofof a helix at the C terminus of the repeat 8 B helix. In
Arg(25), located on the N-terminal helical turn of helixcontrast, the amino acid deletion in the interhelix region
B of repeat i, projects toward the C terminus of theof repeat 2 is accommodated by loss of one helix turn
preceding A helix, positioning the positively chargedat the C terminus of helix A.
guanidinium group to form a hydrogen bond to the main
chain carbonyl group of Asp(19) of the same repeat, and
Interrepeat Packing and Conserved Residues an interrepeat bidentate salt bridge with the carboxylate
group of Asp(19) of the adjacent repeat (i11). This hydro-The overall conformation of the PR65/A subunit is deter-
gen bond network is extended with a hydrogen bondmined by the relative arrangement of neighboring HEAT
between the carboxylate group of Asp(19) and the amidemotif helix pairs. The molecule is divided into three dis-
nitrogen at repeat position 21. Such a cooperative hy-tinct regions (HEAT repeats 1±3, 4±12, and 13±15) as
drogen bond array is only possible where HEAT repeatsdefined by the nature of the interrepeat packing. Within
are stacked in parallel. The 228 rotation of repeat 4 rela-each of these regions, adjacent motifs are stacked in
tive to repeat 3 displaces the C terminus of helix A ofparallel such that the A and B helices of neighboring
repeat 4 relative to the position of the guanidinium grouprepeats are aligned in parallel to their counterparts.
of Arg(25) of repeat 3, and this may explain the absenceThese regions of parallel repeat stacking are structurally
of Asp(19) in repeat 4. The ability of Arg(25) to neutralizedistinct from one another because of the nonparallel
the C-terminal macrodipole of helix A may explain itsstacking of HEAT repeats 3 relative to 4 and repeat 12
conservation. The absence of either Arg or Lys in repeatrelative to 13. Repeats that stack in parallel are tilted
2 is correlated with a single amino acid deletion betweenrelative to one another by 158 about an axis parallel to
the A and B helices of this repeat that shortens the Athe a helix axes. This tilt creates the curvature of the
helix at its C terminus.molecule, and the curved conformation of the tandem
Numerous factors contribute to the nonconsensus re-repeats is most pronounced within repeats 4±12, which
peat packing between repeats 12 and 13. First, a Trprepresent the most continuous portion of parallel repeat
residue at position 4 of helix A of repeat 13 wedgespacking. Together, these nine repeats subtend a radius
apart this helix and the preceding helix B of repeat 12,with a curvature of 1058. Variations in the interrepeat
preventing the antiparallel stacking of the B and A heli-packing create discontinuities in the uniform conforma-
ces. Second, Glu 460 replaces a conserved hydrophobiction of the molecule, imposing a more irregular structure
residue (HEAT 26) in helix B of repeat 12 (Figure 2A).on the protein. The most pronounced discontinuity oc-
Where repeats stack in a parallel arrangement, residuescurs between repeats 12 and 13 resulting from the left-
at this position contribute to the hydrophobic core be-handed 458 rotation of repeat 13 relative to 12 about an
tween repeat i and repeat i11. Glu 460 is solvent ex-axis perpendicular to the a helix axes. A similar, although
posed as a consequence of the interrepeat rotation.
smaller rotation of 228 occurs between repeats 3 and 4,
Finally, the highly conserved Val(24), N-terminal to the
and a 108 rotation occurs between repeats 10 and 11.
consensus Arg(25) residue, is replaced with a more bulky
Where a repeat is parallel to two adjacent repeats, His residue (His 497). A His residue at this position would
each of its a helices interacts with four helix neighbors be incompatible with a pair of parallel stacked repeats,
to create a hydrophobic core that extends along the disrupting the conserved Arg-Asp ion pair interaction.
entire length of the molecule (Figure 2B). Hence, three
repeats form a stable structural unit, consistent with the Relationship to Other Proteins
minimum number of three HEAT repeats within HEAT The dominant structural feature of the PR65/A subunit
repeat±containing proteins. The hydrophobic core is is the presence of the double layer of a helices formed
only partially interrupted by the nonparallel packing be- by the parallel stacking of adjacent repeats. Similar
tween repeats 12 and 13. Consensus hydrophobic resi- structural motifs have been observed previously, for ex-
dues at repeat positions 5, 9, 10, 12, 13, 16, and 17 of ample the lamprey yolk lipovitellin-phosvitin (Raag et al.,
helix A and 24, 26±29, 31, 32, 35, 36, 38, and 39 of 1988), a domain of bacterial muramidase (Thunnissen et
helix B are responsible for the uniform nature of the al., 1994), and the a subunit of farnesyl transferase (Park
interrepeat packing (Figure 2). Divergence from this con- et al., 1997). All three structures exhibit a marked curva-
sensus sequence is observed where variations in in- ture in the same direction where pairs of helices are
terrepeat packing occur, for example, the N- and stacked in parallel. However, these latter proteins differ
C-terminal repeats 1 and 15 and, as discussed below, from the PR65/A subunit in a number of ways. First, only
between repeats 12 and 13, the site of the structural in the PR65/A subunit is the structure assembled from
discontinuity. internal protein repeats, and hence the PR65/A subunit
A signature-motif sequence of the HEAT repeats of displays a more regular structure. Second, where adja-
the PR65/A subunit and other HEAT motif proteins is cent stacks of helices rotate relative to one another,
the presence of conserved Asp and Arg (or occasionally breaking the parallel stacking arrangement, the direction
Lys) residues at positions 19 and 25, respectively (Fig- of this rotation differs. Within the PR65/A subunit, all
ures 2A and 3). The structure of the PR65/A subunit these rotations are left-handed, generating a left-
reveals that these residues play important roles to stabi- handed superhelix. Muramidase and farnesyl trans-
lize both the HEAT motif secondary structure and the ferase, however, form right-handed superhelices be-
cause adjacent a helices rotate in the opposite directionoverall tertiary structure between adjacent repeats. The
Structure of the PP2A PR65/A Subunit
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Figure 4. Stereo View of the Two Noncrys-
tallographic Related Copies of the PR65/A
Subunit Superimposed over Repeats 1±12
The conformational flexibility at the 12±13 re-
peat interface is indicated.
to that observed in the PR65/A subunit. Individual HEAT nonparallel nature of the interface between repeats 12
and 13 is more flexible than that between parallel-repeats of the PR65/A subunit bear some resemblance
to the repetitive motifs in other superhelical proteins, stacked repeats. The reasons for this are not immedi-
ately apparent, as the interface between repeats 12 andfor example the armadillo repeats of b-catenin and im-
portin a (Huber et al., 1997; Conti et al., 1998) and the 13 has a similar buried surface area as other interrepeat
interfaces. Moreover, although it lacks the Arg-Asp iontetratricopeptide repeats (TPR) of protein phosphatase
5 (Das et al., 1998). The A and B helices of the HEAT pair that may contribute to the conformational flexibility,
this ion pair is also absent between repeats 2 and 3 andmotif are equivalent to H2 and H3 a helices of an arma-
dillo repeat and to the A and B helices of a TPR motif. 3 and 4 that are present within a rigid domain.
Our structure suggests that HEAT repeats stackedHowever, the right-handed rotation of adjacent arma-
dillo repeats, and the topologically distinct, and right- in parallel adopt a stable conformation; however, it is
possible that the association of the PP2A catalytic sub-handed stacking of adjacent TPR motifs, results in strik-
ingly different overall tertiary structures for these three unit and/or regulatory B subunits induces structural
changes within the molecule. Such a conformationalprotein folds. Finally, tandemly repeated ankyrin motifs
stack to form a double layer of a helices with each change is observed within the leucine-rich repeat ribo-
nuclease inhibitor on association with its ligand, ribo-helix pair of adjacent repeats stacked in parallel and
connected by a b hairpin. The five ankyrin repeats ob- nuclease (Kobe and Deisenhofer, 1995).
served in the structures of p19INK4 (Brotherton et al.,
1998; Russo et al., 1998), for example, are curved parallel
to the helix axes, forming a concave face; however, this Surface Features of the PR65/A Subunit
The extended conformation of the PR65/A subunit cre-curvature is in the opposite direction to the PR65/A
subunit HEAT repeats. ates a large and continuous solvent-exposed area of
7800 AÊ 2. Despite the nonglobular appearance of the
PR65/A subunit, the ratio of solvent-exposed surfaceConformational Flexibility
The asymmetric and elongated architecture of the area to residue number is 13 AÊ 2, typical of monomeric
intracellular globular proteins. Hence, the PR65/A sub-PR65/A subunit suggests the possibility of molecular
flexibility resulting from changes in the relative packing unit possesses a hydrophobic volume to surface area
ratio, similar to that of globular proteins whose struc-between adjacent HEAT motifs. Any inherent molecular
flexibility within the PR65/A subunit might be expected tures are known, suggesting that the stability of the
PR65/A subunit will also be similar to these proteins.to result in distinct conformations between the two cop-
ies of the PR65/A subunit within the crystallographic The molecular surface of the PR65/A subunit is relatively
open with few protrusions and depressions, reflectingasymmetric unit. Indeed, superimposing these two mol-
ecules reveals a localized conformational change posi- the underlying regularity of the tertiary structure re-
sulting from the uniform parallel packing of neighboringtioned at the interface between repeats 12 and 13, defin-
ing two rigid domains represented by repeats 1±12 and HEAT motifs, presenting both a convex and concave sur-
face (Figure 5A). As a consequence of the rotation of13±15 (Figure 4). The region comprising repeats 1±12 of
both molecules shares almost identical conformations repeat 13 relative to repeat 12, the flat concave face of the
molecule is interrupted by a groove, with a width ofwith equivalent Ca atoms deviating by 0.45 AÊ , sug-
gesting that these repeats form a rigid structure. Like- 6 AÊ , formed between these two repeats. The position
of this groove corresponds to the site of conformationalwise, repeats 13±15 of the two molecules also superim-
pose closely (0.76 AÊ ). This analysis suggests that the flexibility within the molecule. The relatively flat surfaces
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Figure 5. Location of Conserved Regions of the PR65/A Subunit on the Molecular Structure
(A) Two orthogonal views of the surface of the PR65/A subunit revealing regions of high to low sequence conservation between human,
Drosophila, C. elegans, and budding yeast, corresponding to a color ramp from red to blue, respectively. The surface location of PR65b
mutants (a numbering) in lung and colon tumors are indicated. Figure produced using GRASP (Nicholls et al., 1991).
(B) Ribbons diagram of the PR65/A subunit colored-coded according to the position of sequence conservation and variation, according to (A).
of the PR65/A subunit contrasts with the armadillo re- and nonconserved residues is observed. In general, ex-
cept for repeats 1, 2, and 11, which are highly conservedpeat motif proteins b-catenin and importin a, and the
throughout, the most highly conserved regions of mostTPR motif domain from protein phosphatase 5, which
repeats correspond to the intrarepeat region (i.e., the Cfeature surface grooves that extend along the superheli-
terminus of helix A, the turn connecting the A and Bcal axes of these molecules. The surface groove of im-
helices, and the N terminus of helix B). This pattern ofportin a forms the binding site for the NLS peptide (Conti
sequence conservation produces a marked periodicity,et al., 1998), and a similar peptide binding role has been
corresponding to intervals of z40 residues, betweenascribed to the surface groove of b-catenin (Huber et
regions of invariant sequences within repeats 3 to 8.al., 1997).
Sequence conservation within this region is not an inher-
ent property of HEAT repeats, since the 15 HEAT repeats
Position of Conserved Residues and Identification of the PR65/A subunit are not well conserved among
of Exposed Hydrophobic Surfaces each other within this region (Figure 2A). Mapping the
The PP2A catalytic subunit is one of the most highly degree of sequence conservation onto the PR65/A sub-
conserved eukaryotic proteins. For example, the se- unit structure reveals a strikingly asymmetric distribu-
quences of human and budding yeast PP2Ac share 86% tion of structural conservation and variation (Figures 5A
identity. In contrast, the sequence identity of the bud- and 5B). Highly conserved regions of the PR65/A subunit
ding yeast and human PR65/A subunit is significantly molecular surface form a continuous ridge extending
lower at 46%. Because the PP2A catalytic subunit struc- through repeats 1 to 8 and repeats 10 to 15 correspond-
ture is so highly conserved, it is likely that the sites of ing to the turns connecting the A and B helices. The
interaction between PP2Ac and the PR65/A subunit will opposite surface to the A-B helix turn, that is the region
be conserved throughout eukaryotes. To examine con- corresponding to the interrepeat turn, shows virtually
served regions of the PR65/A subunit, we analyzed mul- no structural conservation.
tiple-aligned PR65/A subunit sequences of human, bud- Protein±protein interface surfaces are characterized
ding yeast, Drosophila, and C. elegans. Overall, 33% by the presence of hydrophobic residues that become
of the human PR65a/A subunit residues are invariant solvent inaccessible on formation of the protein com-
across these four organisms, dispersed throughout the plex, contributing to the overall negative free energy
sequence. When the degree of sequence conservation change upon association. Generally, due to entropic
is analyzed in the context of the tertiary structure of the costs, hydrophobic residues are not exposed upon pro-
tein surfaces, and therefore the presence of exposedPR65/A subunit, a periodic distribution of conserved
Structure of the PP2A PR65/A Subunit
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Figure 6. Hydrophobic Surfaces of the PR65/A Subunit
Hydrophobic surfaces are colored red and white, with hydrophilic surfaces in blue. The figure was generated by mapping the hydrophobic
potential determined by GRID (Goodford, 1996) onto a protein surface displayed in GRASP (M.E.M. Noble, unpublished data).
hydrophobic residues on a protein structure, known to repeats. Other experiments strongly implicated the re-
gion of the HEAT motif sequence between Asp(19) andform multiprotein complexes, is indicative of potential
protein±protein interfaces. Analysis of the PR65/A sub- Arg(25) (i.e., the intrarepeat turn) of repeats 4±6 as sites
of interaction with both the B subunit and tumor anti-unit surface reveals that nearly all exposed hydrophobic
residues are localized to the region of the molecule cor- gens, and the intrarepeat turns of repeats 13±15 as the
PP2Ac-binding site (Ruediger et al., 1994). Sequenceresponding to the highly conserved intrarepeat turns
(Figures 5 and 6). Hence, the position of hydrophobic alteration of the intrarepeat turns of repeats 4, 5, and 6
abolished B subunit and tumor antigen interactions withsurfaces matches that of the structurally conserved resi-
dues (Figure 5A). Surfaces remote from this region are the PR65/A subunit, but not that for PP2Ac, whereas the
converse was found for the intrarepeat turns of repeatshydrophilic in character (Figure 6). The implications of
this finding for understanding protein±protein interac- 13±15. Consistent with these data was the finding that
substitution of a Glu for Lys 416, within the intrarepeattions mediated by the PR65/A subunit are discussed
below. turn of repeat 11 and adjacent to the invariant Trp 417
(Figures 2B and 5), reduces the affinity between the
PR65/A subunit and PP2Ac by 100-fold (Turowski et al.,Interaction Sites with the Catalytic and B Subunits
The sites of interaction of the PR65/A subunit with the 1997). Surprisingly, substituting part of the interrepeat
turn and the N-terminal residues of helix A of repeatsPP2A catalytic and B subunits and tumor antigens have
been mapped by means of deletions of HEAT repeat 5, 6, 13, and 14 with that from repeat 10 did not disrupt
the interaction of the PR65/A subunit with PP2Ac andmotifs and subsequent analysis of complex formation
(Ruediger et al., 1992, 1994). These studies revealed B subunits (Ruediger et al., 1994).
Combining the mutagenesis analysis with the obser-that repeats 11±15 are necessary and sufficient for the
interaction between the PR65/A and PP2A catalytic sub- vations that conserved residues and exposed hydropho-
bic surfaces are localized to the intrarepeat turns con-units, whereas the B subunits, SV40 small T, and poly-
oma virus small and middle T antigens interact with necting the A and B helices of the HEAT motifs suggests
a mechanism for the interactions of the PR65/A subunitoverlapping but distinct regions of the N-terminal 10
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with PP2Ac and regulatory subunits. Together, these considerable diversity. Since most of the HEAT motifs
data strongly support the notion that the intrarepeat of the PR65/A subunit stack with a parallel arrangement,
turns of the PR65/A subunit represent the sites of inter- this may represent the consensus HEAT motif±stacking
action with the PP2A catalytic subunit and regulatory configuration. HEAT motif sequences that diverge sig-
B subunits. In contrast, the interrepeat regions on the nificantly from the consensus sequence are likely to
opposite side of the molecule do not contribute to these pack in a nonparallel arrangement. However, simple rules
interactions. This mode of protein±protein interaction is to predict such instances are not immediately apparent.
similar to the mechanism of protein±protein interaction In the case of the PR65/A subunit, it was not possible
adopted by the ribonuclease inhibitor (a leucine-rich to detect obvious phylogenetic relationships between
repeat protein) (Kobe and Deisenhofer, 1995) and the the 15 repeats. In addition, the sequence similarity be-
ankyrin repeat proteins, which utilize turns connecting tween repeats 1, 12, 13, and 15 and those repeats em-
elements of secondary structure and extended concave bedded within a parallel arrangement are not signifi-
surfaces. cantly different than the pairwise identities between
repeats that stack in parallel.
Additional structural diversity could be generated byPosition of Oncogenic Mutations
the sequence insertions between adjacent HEAT motifs.The structure of the PR65/Aa subunit allows us to ratio-
Whereas such insertions are not present within thenalize the structural consequences of mutations identi-
PR65/A subunit, other HEAT motif±containing proteinsfied in the b isoform of the protein in lung and colon
possess a number of such insertions. For example, hun-tumors (Wang et al., 1998a) (Figures 2B and 5A). Bio-
tingtin is composed of 10 HEAT motifs arranged in threechemical analysis of the PR65/A subunit from a lung
blocks dispersed over 1600 amino acids (Gusella andcancer cell line expressing two allelic variations of the b
MacDonald, 1998).isoform revealed that one gene product lacking repeats
The correlation of sequence conservation data, ex-6±13 was unable to bind PP2Ac, whereas the product
posed hydrophobic residues, and mutagenesis data sug-of the second allele, containing a point mutation of the
gests that the sites of interaction between the PR65/AHEAT signature motif Asp(19) residue (Asp 504) within
subunit and target subunits are mediated by the regionrepeat 13, displayed a reduced affinity for PP2Ac. Inter-
corresponding to the intrarepeat turn motifs connectingestingly, Asp 492 of PR65/Aa (equivalent to Asp 504 of
the A and B helices of the molecule's HEAT repeats.PR65/Ab) does not participate in the Asp-Arg ladder
The parallel stacking of adjacent HEAT repeats alignstypical of its counterparts in other HEAT motifs. This
adjacent intrarepeat turns that form a continuous ridge,results from the nonparallel stacking of repeats 12 and
providing a platform for mediating the protein±protein13. The side chain of Asp 492 forms a hydrogen bond
interactions between the PR65/A subunit and PP2Acwith the imidazole side chain of His 496, immediately
and B subunits. The HEAT motifs of other proteins medi-N-terminal to the HEAT motif Arg(25) residue, suggesting
ate protein±protein interactions. For example, importinthat a likely role of this Asp is to stabilize the helix-turn-
a and Ran-GTP interact with importin b within an over-helix conformation within this repeat. The mutation of
lapping binding site consisting of the HEAT repeats be-this residue to Gly, as is observed in the lung cell line,
tween residues 288±457 (Enenkel et al., 1996). Importinwould be expected to destabilize the protein fold. Two
b may mediate protein±protein interactions via a similarother mutations, Pro 65 to Ser and Leu 101 to Pro,
mechanism as the PR65/A subunit. It was proposed thatcorresponding to HEAT motif signature residues Pro(11)
the acidic loops connecting the HEAT motif A and Bof motif 2 and Leu(9) of motif 3, respectively, most likely
helices were responsible for this interaction, althoughexert their effects by disrupting the protein conformation
there are no direct data in support of this notion (Enenkel(Figures 2B and 5A). One of the residues found to be
et al., 1996).mutated in a colon adenocarcinoma patient (an invariant
Val 545 to Ala replacement) is located in the turn con-
necting the A and B helices of repeat 14. Within the
Experimental ProceduresPR65/Aa structure, the side chain of Val 545 contributes
to the hydrophobic surface and is within the ridge of
Cloning and Protein Purificationhighly conserved residues (Figure 6). It is possible that
The cDNA encoding PR65/Aa was cloned into a modified form of
alteration of this residue would disrupt the interface be- the pET-28a vector (Novagen), which incorporates the nine residues
tween the PR65/A subunit and PP2Ac, although bio- (Met(His)6GlySer) N terminus of the PR65/Aa coding sequence. E.
chemical data in support of this proposal are not coli strain B834 cells transformed with the PR65-pET-28 plasmid
were grown at 378C and induced with 0.3 mM IPTG for 4 hr. Theavailable.
cleared E. coli lysate in buffer 1 (50 mM Tris-HCl [pH 7.5], 500 mM
NaCl, 30 mM imidazole, 0.02% b-monothiolglycerol) was applied to
Implications for Other HEAT Motif Proteins Ni-NTA column (Novagen), and the protein was eluted using a linear
gradient to 300 mM imidazole. The eluate was diluted 10-fold withThe presence of consensus residues within the HEAT
buffer 2 (100 mM Tris-HCl [pH 7.5], 2 mM DTT, 2 mM EDTA, andmotifs of diverse proteins suggests that members of the
0.2 mM EGTA) and was applied to a Poros HQ anion exchangerfamily will share a common architecture, in particular
(Perseptive Biosystems). Peak fractions containing PR65/Aa, identi-the local structure of the HEAT motif and adjacent stack-
fied on SDS-PAGE gels, were pooled, concentrated to a volume
ing of neighboring repeats. However, given that varia- of z5 ml and loaded onto a Superose-200 gel filtration column
tions exist between the angular arrangement of adjacent (Pharmacia), equilibrated in buffer 3 (10 mM Tris-HCl [pH 7.5], 150
motifs within the PR65/A subunit, it is likely that the mM NaCl, 2 mM DTT, and 2 mM EDTA). The eluted protein was
concentrated to z10 mg/ml.overall tertiary structures of these proteins will display
Structure of the PP2A PR65/A Subunit
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Crystallization and X-Ray Data Collection Crystallographic analysis of the recognition of a nuclear localisation
signal by the nuclear import factor karypherin a. Cell 94, 193±204.Crystals of human PR65/Aa were grown at 208C by hanging drop
vapour diffusion. Equal volumes (5 ml) of concentrated protein solu- Csortos, C., Zolnierowicz, S., Bako, E., Durbin, S.D., and DePaoli-
tion were mixed with the precipitant solution (8% [w/v] PEG 4000, Roach, A.A. (1996). High complexity in the expression of the B9
100 mM sodium citrate [pH 5.3]). A few poor crystals were obtained subunit of protein phosphatase 2Ao. J. Biol. Chem. 271, 2578±2588.
that were then used for microseeding experiments. The seeded Das, A.K., Cohen, P.W., and Barford, D. (1998). The structure of the
crystals appeared overnight and reached a maximum size of 0.3 tetratricopeptide repeats of protein phosphatase 5: implications for
mm 3 0.2 mm 3 0.2 mm after 2 weeks. X-ray diffraction data were TPR-mediated protein-protein interactions. EMBO J. 17, 1192±1199.
collected at station PX 9.6, Daresbury on a Quantum 4 CCD detector.
de la Fortelle, E., and Bricogne, G. (1997). Maximum-likelihoodFor data collection, crystals were briefly immersed in the crystalliza-
heavy-atom parameter refinement for the multiple isomorphous re-tion solution containing 20% (v/v) 2-methyl-2,4-pentanediol (MPD)
placement and multiwavelength anomalous diffraction methods.as a cryo-protectant and flash frozen in a N2 gas stream at z90 K.
Methods Enzymol. 276, 472±494.All data were processed using the programs DENZO (Otwinoski and
Dobrowsky, R.T., Kamibayshi, C., Mumby, M.C., and Hannun, Y.A.Minor, 1997) and SCALA.
(1993). Ceramide activates heterotrimeric PP2A. J. Biol. Chem. 268,
15523±15530.MIRAS Phasing, Model Building, and Refinement
Enenkel, C., Schulke, N., and Blobel, G. (1996). Expression in yeastThe structure of human PR65/Aa was solved by MIRAS using phases
of binding regions of karyopherins alpha and beta inhibits nuclearcalculated from the two heavy atom derivatives (Table 1). The heavy
import and cell growth. Proc. Natl. Acad. Sci. USA 93, 12986±12991.atom parameters were refined and phases calculated using SHARP
(de la Fortelle and Bricogne, 1997) to give a 2.3 AÊ phase set with Esnouf, R.M. (1997). An extensively modified version of MOLSCRIPT
an overall figure of merit of 0.34. Phase improvement by solvent that includes greatly enhanced colouring capbilities. J. Mol. Graph.
flattening using the program SOLOMON (Abrahams and Leslie, 15, 132±134.
1996) gave an electron density map that allowed the envelope of Goodford, P. (1996). Multivariate characterisation of molecules for
both molecules to be determined. Averaging using the program AVE QSAR. J. Chemometrics 10, 107±117.
(Kleywegt and Jones, 1994) improved the density for repeats 1±12
Gusella, J.F., and MacDonald, M.E. (1998). Huntingtin: a single baitbut degraded the density for repeats 13±15. At this stage 77% of
hooks many species. Curr. Opin. Neurobiol. 8, 425±430.the structure was built into the electron density map using O (Jones
Healy, A.M., Zolnierowicz, S., Stapleton, A.E., Goebl, M., DePaoli-et al., 1991), followed by iterative rounds of model building and
Roach, A.A., and Pringle, J.R. (1991). CDC55, a S. cerevisiae generefinement in CNS (BruÈ nger et al., 1998). Portions that were not
involved in cellular morphogenesis: identification, characterisation,originally assigned to density were identified in sA-weighted electron
and homology to the B subunit of mammalian type 2A protein phos-density simulated annealing maps (Read, 1986). Application of a
phatase. Mol. Cell Biol. 11, 5767±5780.bulk solvent correction allowed inclusion of low-resolution data to
a resolution of 25 AÊ . The refined structure has 92% of residues in Hemmings, B.A., Adams-Pearson, C., Maurer, F., Mueller, P., Goris,
the most favored region and 7.5% in the additionally allowed region J., Merlevede, W., Hofsteenge, J., and Stone, S.R. (1990). Alpha-
of the Ramachandran plot. forms and beta-forms of the 65-kDa subunit of protein phosphatase
2A have a similar 39 amino acid repeating structure. Biochemistry
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